• Early life social stress induces changes in resting state functional connectivity.
a b s t r a c t
The use of a variety of neuroanatomical techniques has led to a greater understanding of the adverse effects of stress on psychiatric health. One recent advance that has been particularly valuable is the development of resting state functional connectivity (RSFC) in clinical studies. The current study investigates changes in RSFC in F1 adult female rats exposed to the early life chronic social stress (ECSS) of the daily introduction of a novel male intruder to the cage of their F0 mothers while the F1 pups are in the cage. This ECSS for the F1 animals consists of depressed maternal care from their F0 mothers and exposure to conflict between their F0 mothers and intruder males. Analyses of the functional connectivity data in ECSS exposed adult females versus control females reveal broad changes in the limbic and reward systems, the salience and introspective socioaffective networks, and several additional stress and social behavior associated nuclei. Substantial changes in connectivity were found in the prefrontal cortex, nucleus accumbens, hippocampus, and somatosensory cortex. The current rodent RSFC data support the hypothesis that the exposure to early life social stress has long term effects on neural connectivity in numerous social behavior, stress, and depression relevant brain nuclei. Future conscious rodent RSFC studies can build on the wealth of data generated from previous neuroanatomical studies of early life stress and enhance translational connectivity between animal and human fMRI studies in the development of novel preventative measures and treatments.
© 2016 Elsevier B.V. All rights reserved.
Introduction
The use of a variety of neuroanatomical techniques has led to a greater understanding of the adverse effects of stress on psychiatric health. One recent advance that has been particularly valuable is the development of resting state functional connectivity (RSFC) in clinical studies. This technique measures intrinsic neural connectivity through the measurement of spontaneous fluctuations in BOLD activity in different brain regions [1, 2] . RSFC analysis allows * Corresponding author.
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for the simultaneous assessment of long term changes in multiple neural circuits involved in psychiatric etiology. This method has recently been adapted to imaging in conscious rodents [3, 4] , and is a valuable tool to enhance the translational value of behavioral neuroscience studies of rodent models of psychiatric illness. Comparisons of clinical and animal model RSFC data will enhance our understanding of susceptibility and resilience, pathological etiology, and treatment response. When compared to other methods of assessing neural activity and connectivity (immunohistochemistry, various tract tracing techniques, pcr for neural activity), a single RFSC study can add a temporal dimension, even allowing the longitudinal collection of several months or years' worth of data, a scale typically not possible with other time course approaches such http://dx.doi.org/10.1016/j.bbr.2016.08.051 0166-4328/© 2016 Elsevier B.V. All rights reserved. F0 dams and their F1 pups are exposed to novel male intruder stress for one hour/day during postnatal days 2-15. This social stress is an early life chronic social stressor (ECSS) for the F1 generation. Both the F0 and F1 dams exhibit depressed maternal care and increased maternal anxiety. The current study focused on female F1 adults, who were imaged for resting state functional connectivity (RSFC).
as electrophysiological methods. Given similar financial resources, collecting similar amounts of data using other techniques may be impossible. In addition, RSFC in conscious rodents presents tremendous potential for enhanced etiological relevance through the longitudinal assessment of the effects of stress on multiple neural networks at several life history stages.
We have developed an ethologically relevant transgenerational model of the effects of chronic social stress (CSS) in postpartum depression and anxiety [5] [6] [7] [8] [9] (Fig. 1) . Exposure of F0 dams to the chronic social stress of a daily exposure to a novel male intruder depresses maternal care, impairs lactation in both the F0 dams as well as their female F1 offspring, where CSS is an early life CSS (ECSS) Neuroendocrine studies of the F1 offspring of stressed F0 dams have revealed several behaviorally relevant changes in gene expression in a select set of nuclei involved in both the control of social behavior and the stress response that parallel similar findings in human studies of depression, anxiety and autism [5] . However, given that tissues were sampled at the end of lactation, it is unclear when the neural changes in gene expression occurred; for example, if they were present prior to gestation.
Recent study of the effects of a single traumatic stress exposure in rats indicated that it can cause long-term changes in the RSFC between the amygdala and mPFC, providing additional, clinically relevant support for the face and construct validity of this animal model of PTSD [10] . The development of RSFC in related animal models of psychiatric illness is postulated to enhance the identification of susceptibility indicators and the identification of effective preventative measures and treatments. The current study sought to build on this finding and apply RSFC to the study of the long term effects of early life stress, a mechanism relevant to a vast array of psychiatric disorders. It was hypothesized that animals exposed to ECSS would exhibit substantial changes in connectivity between several nuclei implicated in the early life stress associated disorders in both humans and animal models, including components of the Default Mode Network (DMN) and limbic network.
Methods

Animals
Sprague Dawley rats (Charles River, Wilmington, MA) in this study were maintained in accordance with the guidelines of the Committee of the Care and Use of Laboratory Animals Resources, National Research Council, and the research protocol was approved by the Tufts University and University of Massachusetts Institutional Animal Care and Use Committees. For an overview of the CSS paradigm, see Fig. 1 . "CSS dams" refers to the adult females exposed to CSS during lactation (F0), and "ECSS females" refers to the adult female offspring of the CSS dams (F1); the focus of the present study. The F0 CSS stage of the study was conducted at Tufts University and the F1 pups were transported 10 miles at 30-40 days of age to the University of Massachusetts Center for Comparative Neuroimaging. The sample size for F1 control and ECSS female groups was 14.
ECSS model: creation of F0 dams and F1 females
F0 Dams (Charles River, Wilmington, MA) mated at Tufts University were subjected to the CSS protocol at the Cummings School (previously described) [7, 9] consisting of placing a similarly sized (220-300 g) novel male intruder into a lactating female's home cage for 1 h from days 2-16 of lactation. Control dams were not exposed to the CSS protocol, and were only tested for maternal care and maternal aggression between 0800 and 1200 on days 2, 9, and 16 of lactation (both control and CSS dams were tested for maternal care and maternal aggression on these days). The F1 pups were left in the cage during the intruder presentation and the CSS F1 pups were exposed to depressed maternal care from their F0 mothers and the daily conflict between the mother and the male intruder (Early life CSS, ECSS) [7, 9] . The F1 control and ECSS females of the current study were the offspring of the F0 control and CSS dams; the differences between the treatments of the control and ECSS F1 females were limited to the exposure of the ECSS F1 females to depressed maternal care and daily conflict between their F0 mothers and the male intruders during age 2-16 days. The F1 control and ECSS animals were treated identically after the age of 16 days. All F1 (CSS and control) females were transported to the UMass CCNI at 30-40 days of age (10 miles from the Cummings School), quarantined for 21 days, and then acclimated to the imaging procedures for 8 days.
Acclimation to imaging procedures
A total of 27 F1 adult females (65-90 days old) were exposed to the imaging protocol (13 CSS and 14 control) . Before the imaging experiment, these rats were acclimated to the environment and imaging acoustic noise produced by the MR scanner using the procedure previously described [4] . Briefly, rats were anesthetized with isoflurane (2%) and secured in a head holder using plastic bite bar and ear bars. EMLA cream (Lidocaine 2.5% and Prilocaine 2.5% cream, Hi-Tech Pharmacal Co., Inc.) was topically applied to relieve any pain associated with the head holder. Animals were then placed into a black opaque tube (mock scanner) with taperecorded scanner noise played. Animals were acclimated for eight days, one session per day. The time of acclimation was 15 min on day 1 with an increment of 15 min per day up until day 4. A maximum of 60 min was used on days 4-8, and all animals completed the acclimation procedures successfully.
Imaging
Animals were imaged at 65-90 days of age to assess the long term effects of early life stress on adult RSFC. All MR images were acquired on a 4.7T/40 cm horizontal magnet (Oxford, UK) interfaced with a Biospec Bruker console (Bruker, Germany) and equipped with a 20G/cm magnetic field gradient. A custom built 1H radiofrequency (RF) volume coil was used. Anatomical images were acquired using a multi-slice fast spin-echo sequence (RARE) with the parameters: repeti- 
Resting state functional connectivity (RSFC) data analysis
All fMRI data were processed and analyzed using Medical Image Visualization and Analysis (MIVA, http://ccni.wpi.edu), Statistical Parametric Mapping (SPM8) software (Wellcome Department of Cognitive Neurology, London, UK) and Matlab (The Mathworks Inc., Natick, MA, USA), following a similar processing pipeline addressed in our previous publications [3, 4, 10, 11] . Anatomical and fMRI images were registered from multiple subjects to a fully segmented rat brain atlas (Swanson). Seed regions were selected from the neuroendocrine targets described in experiment based on previous imaging and gene expression studies [5, [12] [13] [14] , including the prefrontal area (PFC) − prelimbic (PL) and infralimbic (IL) areas, nucleus accumbens (NAc), hippocampus (HP), insula, bed nucleus stria terminalis (BST), amygdala, lateral septum (LS), periaqueductal gray (PAG), primary somatosensory area (SSp), secondary somatosensory area (SSs) and thalamus. After registration, fMRI data went through the following pre-processing steps: (a) motion correction (threshold of 0.5 mm), (b) spatial smoothing using a 3D Gaussian filter (1-mm FWHM) to account for small variations in signal due to movement and vascular effects, (c) regressions of motion parameters and white matter/ventricle signal, and (d) band-pass filtering (0.002-0.1 Hz) to adjust for scanner drift between runs and help remove other sources of noise. Functional connectivity was evaluated using a region-of-interest (ROI) seed-based correlational analysis. For each seed ROI, a time course was created by averaging time courses of all voxels inside it. This time course was then used as the reference to calculate functional connectivity to each voxel of the rest of the brain. Pearson correlation coefficient (CC) between reference time course and the time course of each individual voxel was calculated. This correlation analysis was carried out for each run. CC's were transformed using Fisher's z transformation and then averaged across runs and animals. Subsequently, the averaged z values were transformed back to r values, yielding a mean correlation map for each seed.
Based on the individual CC maps of significant group differences (Fig. 2) , two sample t-tests were carried out to generate group differences of RSFC for each seed region, using a threshold of p < 0.05 after false discovery rate (FDR) correction. Table 1 lists the brain regions discussed in the current study. Table 2 summarizes all the significant differences in RSFC between the F1 controls and the ECSS adult females for the 13 seed regions. Fig. 2A -D display the difference maps for four specific ROIs where there were significant differences (or multiple trends) in RSFC: PFC, NAc, HP and SSp. Fig. 3A -D are graphs of the differences in these nuclei, with asterisks denoting significance at p < 0.05.
Results
Using the PFC as a seed, there are several trends for increases in connectivity with multiple other regions in ECSS animals versus controls, specifically the periaqueductal gray (PAG), dorsal lateral geniculate (DLG), and perirhinal cortex (PeRh). In contrast, RSFC position relative to bregma. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) between the PFC and periventricular thalamus (PVT) decreased (Table 2) . NAc seeded RSFC increased in the PeRh and decreased in the hippocampus (HP) ( fig. 2B, 3B ). With the HP as seed, the RSFC changed from a positive to a negative correlation in the substantia nigra (SN) and ventral tegmental area (VTA), and changed from negative to positive in the dorsal hypothalamic area (DHA), infralimbic area (IL) and prelimbic cortex (PL). Connectivity between the HP and NAc increased, and there was a loss of connectivity in the MPOA (Figs. 2C, 3C ). The seemingly contradictory patterns in HPNAc connectivity when using the NAc or HP as seed indicates that there are likely subregion-specific changes in RSFC in one or both regions. This is not surprising given the size of the HP seed and the diverse subregions of both brain regions. SSp seeded RSFC showed an increase in the interpeduncular nucleus (IPN) and parabrachial nucleus (PB), and decreases in the left motor area. Instead of the positive correlation between the SSp and the motor areas found in control animals, the connectivity between these regions switched to a negative correlation for the right hemisphere motor cortex in the ECSS females (Figs. 2D, 3D ).
Discussion
Previous behavioral and neuroendocrine gene expression analyses of ECSS exposed animals have described depressed maternal care, decreased aggression, increased anxiety, and numerous behaviorally relevant changes in gene expression in stress and depression associated nuclei [5, 6, 15] . The present approach identified functional connectivity in the range of our previous rat studies [10, 11, 16] and those of other groups [17, 18] , and was sensitive to group differences even at modest connectivity levels. These rodent RSFC data support the hypotheses that the ECSS procedure has long term effects on neural connectivity in numerous social behavior, stress, and depression relevant brain nuclei and that socially focused pathological animal models involve robust changes in resting connectivity in multiple clinically relevant networks, including the limbic system, the reward system, and the introspective socioaffective and salience networks. Data are discussed in terms of individual nuclei to avoid making assumptions on functional network wide changes that would be best addressed with additional stimulus-based fMRI data and/or behavioral data (reward tasks, social behavior, fear-related behavior) as well as allow for more flexibility in comparing with prior research. The results establish a broad neural foundation for further studies focused on additional life history stages (including longitudinal studies), behavioral stimulus dependent imaging, morphological, immunohistochemical, and genetic analyses of specific nuclei and networks, and manipulative studies aimed at treating the adverse effects of early life stress.
Prefrontal cortex (PFC)
The PFC (including changes between HP and PL, IL) connectivity data fit with reported depression associated changes in clinical studies [19] . While depressive behavior data are not available for the F1 adult females used in the present study, ECSS exposure is associated with saccharin based anhedonia and depressed maternal care in F1 dams [6] , and it is hypothesized that these behavioral effects are mediated by the long-term effects of social stress on the F1 animals as pups and would be expected to be present at the adult and dam stages. RSFC of depressed individuals revealed hyperconnectivity in the extended social affective default network, which includes the HP, cingulate, amygdala, and PFC [19, 20] . While we did not see the exact same changes, we did observe trends for increased connectivity between the PFC and several regions, significant increased connectivity between the HP and the PL and IL (rat homologs of the dorsal anterior cingulate and subgenual vmPFC, respectively [21, 22] ), as well as several other changes in HP connectivity. The anterior cingulate cortex has been identified as an area that displays increased activity in depressed subjects [23] and it is also a target for deep brain stimulation for the treatment of depression which induces changes in multiple cortical and limbic regions [24] [25] [26] . Length of depressive episodes are positively correlated with general RSFC with the ACC [27] . Connectivity between the amygdala and ACC is disrupted in postpartum depressed women compared to non-depressed women [28] , although this involves a decrease in connectivity in contrast to the increased HP and PL connectivity reported here. However, a, women with PTSD related to early life stress exhibit a general increase in ACC activity [29] , which is a more relevant comparison. It is hypothesized that the reported increases in connectivity between the HP and PL may mediate accentuated responses to stressful stimuli in ECSS females, but further research is needed on this topic. Interestingly, the current PFC connectivity data fit more closely with RSFC studies of depression than some studies of early life stress which involved individuals without a psychiatric illness that may have selected for a certain degree of resilience or used younger subjects [30, 31] . Other studies suggest that early life stress induces region specific changes in the direction of PFC RSFC, with increased connectivity in some regions and decreases in others [32] . Changes in the PFC also suggest that cognition may be altered in the stressed F1 females, and it is suggested that disrupted maternal care in ECSS dams represents maternal specific cognitive impairment.
One specific behavioral role of these changes in PFC activity may be to increase retrieval latencies in the ECSS dams, as the PFC is involved in the development of maternal care [33] and is a primary mediator of pup retrieval [34] . The increased connectivity in the PFC of ECSS females may interfere with typical processing of pup related stimuli and motor output necessary for the efficient retrieval of pups to the nest, possibly involving the changes in the SSp and MC as well. Since subsequent maternal care behaviors require that the litter be retrieved to the nest, this disruption in the PFC could impact pup grooming and nursing. Differences in PFC RSFC in early life stress exposed and depressed humans and animals may be relevant to the identification of social specific mechanisms of susceptibility and resilience.
Periventricular thalamus (PVT)
The PVT is connected to several nuclei that mediate mood, critically involved in the response to chronic stress, displays abnormal functioning in anxiety and depression, and contains orexin positive neurons [35] . Increased orexinergic activity has been found in the dorsal hypothalamus of rodent models of depression [36] and orexin is a potential treatment target [37, 38] . The Fos response to restraint in PVT orexin neurons is dampened in female rats exposed to early life stress [39] , and disruption of PVT functioning in ECSS adult females is indicated by the decreased RSFC between the PFC and PVT. In the SON of ECSS dams, gene expression of orexin and orexin receptors are decreased, and these changes are correlated with maladaptive changes in both maternal care and maternal anxiety [15] . Similar changes in PVT orexin may mediate early life social stress related behavioral changes [40] and the reported change in PFC-PVT RSFC. When taken together, these recent studies support a role for orexin activity in the PVT in early life stress induced changes in maternal behavior and associated disorders such as depression, anxiety, and PTSD.
Nucleus accumbens (NAc)
The NAc is key factor in the cognitive processing of rewarding stimuli and has been associated with the adverse effects of early life stress, depression and anxiety, and the control of maternal behaviors. Previous conscious rodent fMRI study revealed increased BOLD in the NAc and IC in response to the presentation of novel male intruder rat [13] . Maternal separation in rodents disrupts the dendritic morphology of neurons in the NAc and HP [41] , and similar changes may mediate the decrease in NAc-HP connectivity in the ECSS females that are exposed to depressed maternal care, as maternal care and maternal anxiety associated ERK levels, a factor in the BDNF pathway, are decreased in the NAc of ECSS dams (Murgatroyd 15) . These neuronal effects may be caused by corticosterone exposure which induces morphological changes in the NAc and HP of rats [42] . Studies in prairie voles has implicated OXT signaling in the NAc facilitation of alloparental care [43] , and variations in NAc DA mediates individual differences in rat maternal care [44] . The NAc response to affective stimuli was identified as a factor mediating depression susceptibility in humans [45] , and the NAc is a target for deep brain stimulation treatment for severe depression and anxiety [46, 47] . Future longitudinal studies of OXT, DA, and neuronal morphology of the ECSS model may generate valuable insight on the role of early life stress on depression etiology in the NAc and guide novel intervention strategies, especially for maternal depression and/or deficient maternal care.
Hippocampus (HP)
Similar to studies of childhood emotional maltreatment, we report substantial changes in limbic and salience network RSFC, most notably in the HP, thalamus, cingulate, SN, and VTA [48] . Behaviorally, ECSS exposed dams are less maternally responsive towards pups and less aggressive towards a novel male intruder, indicating attenuated salience of these stimuli which are both critical components of adequate maternal behavior. The changes in HP RSFC in ECSS F1 adults are extensive, and include increased connectivity in the thalamus and PL similar to studies of depression in humans [27] . The CA1 region of the HP, ACC, ENT, and the thalamus have been implicated in the neural responses of lactating dams in previous fMRI studies [13] . In addition, central vasopressin V1a receptor blockade alters BOLD responses in the SN, MPOA, and IL to novel male intruders [12] , areas where connectivity with the HP is also altered in ECSS females. The reversal in connectivity between the HP and SN and VTA provide additional evidence that the reward system of the ECSS females is affected, and this is supported by behavioral assessment of depressed maternal care in social stress exposed F1 dams [6] due to the importance of the reward system in mediating maternal care [49, 50] . Early social stress exposure in male Guinea pigs decreases androgen receptors in MPOA and alters social behavior [51] , and a related neural mechanism may mediate the decrease in HP-MPOA RSFC in ECSS females. The broad effects on HP RSFC may be the result of decreases in BDNF activity and associated morphological changes, as early maternal deprivation decreases the expression of BDNF receptor subunits in the rat HP [52] . In support of this hypothesis, early maternal separation produces a delayed effect on HP structure by decreasing rates of synaptic development [53] .
Similar to the PVT data, the current imaging results suggest that orexin activity in the DHA is involved in ECSS induced changes in connectivity. Preweaning maternal deprivation and postweaning social isolation in Octodon degus increases synaptic densities in the IL [54] , and this mechanism may explain the increased HP-IL RSRC in ECSS females. In Cushing's disease patients who often suffer from comorbid depression, previous exposure to high levels of cortisol is related to increased connectivity between the limbic network and the cingulate [55] , and ECSS associated exposure to corticosterone may be involved in increased connectivity between the HP and PL in the present study. The broad and robust changes in HP connectivity suggest that the effects of ECSS in the limbic and salience networks are mediated by alterations in HP neuroplasticity.
Primary somatosensory cortex (SSp)
In addition to the increased negative correlation between the SSp and PAG, ECSS also disrupted connectivity between the SSp and motor cortex. The SSp has been implicated in the role of AVP in the BOLD responses of maternal rats [12] . This impact of ECSS on basal neural functioning may indicate a disruption in the processing of sensory input and the translation of sensory input to motor output, and this hypothesis is supported by the display of disorganized maternal care in ECSS dams. Specifically, changes in the SSp-motor cortex connectivity mediate the adverse effects of ECSS on maternal care by disrupting the translation of pup stimuli perception into rewarding maternal care behaviors. Other connections with the SSp which were affected by ECSS are with the IPN and PB nuclei.
Interpeduncular nucleus (IPN)
The IPN has been implicated in a wide range of behaviors, including nociception, learning and memory, motor activity, sexual and maternal behavior, stress, depression, and anxiety behavior, and reward mediated behavior [56] . Activity in the IPN is generally associated with the inhibition of dopamine release. DA release in several brain regions mediates maternal care, including the neighboring ventral mesencephalic tegmentum (VMT) [57] , so this is another change in RSFC which may mediate depressed ECSS maternal care through decreased DA activity in maternally relevant nuclei such as the VMT. The increase in SSp-IPN RSFC in ECSS females may represent SSp mediated inhibition of DA release in the IPN. Lesions of the peripenduncular decrease aggression towards a novel male intruder in lactating dams [58] . It is postulated that input from the SSp has inhibitory actions on the IPN which decrease aggressive responses of ECSS dams towards a novel male intruder [6] . The IPN has been associated with both maternal aggression and lactation in other lesion studies, and these effects are likely to be mediated by OXT [59] . Although OXT activity in the IPN of ECSS dams has not been measured, OXT activity in several other nuclei, maternal aggression, and lactation are all decreased in ECSS dams [5] .
In social defeat models of social stress, Fos activity in the IPN is associated with defeat [60] , and adverse life experiences and adult social stress have been hypothesized to mediate stress related neuropsychiatric disorders through dysregulated serotonergic activity in the IPN [61] . 5HT, DA, and OXT targeted investigations of the IPN in the CSS model and similar paradigms may generate more specific insights on the role of the IPN in the adverse effects of early life stress.
Parabrachial nucleus (PB)
The PB is involved in integrating ascending and descending inputs and coordinating experience induced neuroplasticity [62] . It is associated with opioid mediated conditioned place preference and taste preference as part of the reward pathway [63, 64] (Simon, 11, 13) , and it has been postulated to exert inhibitory effects on the reward pathway in obese rats [65] . Furthermore, maternally deprived male rats exhibit an 86% increase in PB CRH concentrations, and CRH infusions into the PB induce both depression and anxiety [66] , behavioral changes also found in ECSS dams [6] . The increased RSFC in between the SSp and PB of ECSS females may represent CRF mediated basal hypersensitivity to sensory stimuli, resulting in an impaired reward pathway and associated decreases in maternal care and maternal aggression.
Comparisons with other rodent RSFC studies: changes in the DMN and limbic networks
Two other recent studies have investigated RSFC changes in rodent models of depression/anxiety [67, 68] . These studies differed from the current study in that the rats were anesthetized during imaging (isoflurane and mechanical ventilation [68] or medetomadine [67] ). Compared to data from anesthetized rats, awake imaging appears to identify a greater number of significant changes in RFSC, although it is possible this could be due to differences in rodent paradigm, with ECSS vs. chronic adult restraint or a congenital learned helplessness rat strain. These differences, as well as differences in depression models, make it difficult to compare results, but there are general similarities between the studies.
The most consistent finding among the three paradigms was changes in the somatosensory cortex, with increased RSFC [68] , decreased [67] , or changes in both directions in the present study. The current changes in somatosensory cortex RSFC are indirectly related to previous behavioral rodent fMRI work from the Febo lab, where manipulation of the vasopressin system, which is implicated in chronic stress induced behavioral changes as well as maternal care [69] , affects BOLD activity in the SSp [12] . One hypothesis is that chronic stress related depression etiology involves changes in SSp RSFC which mediates adverse responses to subsequent stressors; the induction of a hypervigilant state where sensory processing is accentuated. Further behavioral studies, in conjunction with comprehensive stimulus based conscious rodent fMRI would generate valuable insight concerning this hypothesis.
Henckens et al. reported an increase in the DMN, and while we did not assess connectivity in the DMN as a whole, there were general increases in connectivity in the PL, IL, HP, and RS in ECSS females compared to controls. While increased DMN connectivity has been hypothesized to be a significant component in stress related depressive etiology in humans [70] , the exact role of this network in rodents is unclear and direct comparisons between clinical and animal work would require substantial anthropomorphism. ECSS exposure also resulted in several RSFC changes in the limbic system (both increases and decreases in connectivity), which is also a common observation in clinical studies [71] . These limbic changes may mediate previously documented effects of ECSS on social behaviors such as maternal care [5, 6] .
Conclusions
The simultaneous evaluation of numerous brain regions in conscious rodent fMRI studies facilitates the integration of findings from many previous neuroanatomical studies to generate robust, broad conclusions which may span several neural networks and enhance translational connectivity between clinical and animal investigations. While data on stress induced changes in RSFC in rodents has recently been published [68] , comparisons with this study are difficult given the major differences in awake vs. anesthetized and mechanically ventilated animal imaging, notably anesthesia associated confounds in cerebral hemodynamics and neuronal activity [72] . The current rodent RSFC data support the hypotheses that the ECSS procedure has long term effects on neural connectivity in numerous social behavior, stress, and depression relevant brain nuclei and that socially focused pathological animal models involve robust changes in resting connectivity in multiple clinically relevant networks, including the limbic system, the reward system, and the introspective socioaffective and salience networks. Functional connectivity data specifically support the importance of the PFC, NAc, HP, and SSp nuclei in long term early life social stress induced changes in neuroplasticity. Future conscious rodent RSFC studies possess substantial potential to build on the wealth of basic data generated from past neuroanatomical studies of social behavior and integrate conclusions from recent pathological studies on single nuclei or small groups of nuclei. As with past lesion studies, one key to the successful application of conscious rodent RSFC is to start with uncomplicated experiments to build a solid foundation of dependable fMRI data to support later, more complex investigations. All imaging studies generate an abundance of data, and it is suggested that simple studies that allow for more complete discussion of the results will provide the greatest benefit to subsequent investigations. Longitudinal conscious rodent fMRI investigations will generate valuable findings on the etiology of several psychiatric disorders associated with early life stress and/or long term changes in neuroplasticity, such as depression, anxiety, schizophrenia, PTSD, addiction, and eating disorders.
